For a better understanding of the neural regulation of the cardiovascular control operating during myocardial ischemia, it is extremely important to know quantitatively the magnitudes and time courses of the different sympathetic reflex responses influencing both contractility and afterload of the ischemic heart . Previous studies have shown that the activities of efferent sympathetic nerves to the heart (COSTANTIN, 1963; FELDER and THAMES, 1979) and the kidney (KEZDI et al., 1974; UCHIDA and SAKAMOTO, 1974; THAMES and ABBOUD, 1979) , recorded only separately, were reflexly inhibited during experimental myocardial ischemia. In these studies, the major interest seems to be in afferent inputs or pathways producing this inhibition, and to date, no detailed analysis of time courses of sympathetic reflex responses occurring during a brief coronary occlusion has been made. We would assume that the reflex inhibition of cardiac sympathetic nerve activity contributes to the prevention of the ischemic myocardium from progressively deteriorating, and that the reflex inhibition of the activities of sympathetic nerves to the vascular system partly contributes to the protection of the heart by decreasing cardiac afterload through vasodilatation. Our present questions are which of these inhibitory reflex responses is more dominant, and whether or not the time courses of these sympathetic reflex responses are different. A conclusive answer can be obtained only if the activities of sympathetic nerves to the heart and the major resistance vessels are recorded in the same animal .
To this end, we simultaneously measured cardiac and renal sympathetic nerve activities during a short occlusion of the left circumflex coronary artery. Renal nerve activity was measured as representative of the activities of sympathetic nerve in the resistance of the vascular system, because renal blood flow occupies as high as 20 % of the resting cardiac output, and hence, small changes in renal vascular resistance can result in major alterations in the distribution of cardiac output. The magnitudes and time courses of the changes in these sympathetic nerve activities were compared with each other during coronary artery occlusion.
METHODS
Experimental preparations. Twenty-two mongrel dogs weighing 8-12 kg were initially anesthetized with sodium pentobarbital (30 mg/kg, i.v.), and additional doses (5 mg/kg) were injected intravenously at intervals as required (every 3 hr on an average). The dogs were intubated and artificially ventilated with room air mixed with oxygen at a tidal volume of 15 ml/kg. During the experiments arterial blood was occasionally sampled for measurements of pH and blood gases, and pH, PO2, and PCO2 were kept within normal ranges by changing respiration rate or intravenous administration of sodium bicarbonate. Muscle movements were prevented with pancuronium bromide (4 mg, i.v.) throughout the experiment. Experimental protocol and data analysis. Before any intervention was performed, the preparation was allowed to stabilize for about 30 min, as assured by relatively constant mean levels of CSNA, RNA, and AP. Control recordings were obtained for 60 sec and the LCX was then occulded for 60 sec by tightening the previously placed snare. We preferred LCX. occlusion to anterior descending coronary arterial (LAD) occlusion, because inhibitory effects on RNA (THAMES and ABBOUD, 1979) and CSNA (FELDER and THAMES, 1979) were greater during LCX occlusion than during LAD occlusion. Occlusion of the left main coronary artery was not chosen, because of the high incidence of ventricular fibrillation during occlusion (ALLEN and LAADT, 1950) . In the first group of 10 dogs, occlusion of the LCX was repeated approximately 30 min after sectioning of the bilateral vagosympathetic trunks. In the second group of 7 dogs, LCX occlusion was performed only after carotid sinus denervation. In the third group of 5 dogs, the LCX was occluded only after carotid sinus denervation and sectioning of the bilateral vagosympathetic trunks. Thus, the LCX was occluded under four different conditions, i.e., with intact afferent nerves, after carotid sinus denervation, after cervical vagotomy, and after carotid sinus and vagoaortic denervation.
Simultaneous measurements of CSNA, RNA, and AP were made before, during and after each LCX occlusion. As reported previously (NINOMIYA et al., 1971) , CSNA and RNA changed periodically with cardiac and respiratory cycles in this study also. Therefore, control values of mean CSNA and mean RNA were determined by planimetry of their tracings over 60 sec immediately preceding LCX occlusion. In the same way, the time-averaged values for mean CSNA and mean RNA during and after occlusion were determined for each consecutive 10-sec interval beginning immediately with the on and off of the occlusion. For example, a CSNA value at 10 sec of occlusion indicate the maen CSNA level between 0 and 10 sec of occlusion. Changes in CSNA and RNA were evaluated as per cent changes of the 10 sec averaged values of both mean nerve activities from the 60 sec averaged control level. Changes in mean AP (MAP) from the control value that was obtained during the 60-sec interval preceding occlusion, were also determined for each consecutive 10-sec period and were evaluated in each of 22 dogs.
The data of CSNA and RNA obtained simultaneously in 22 dogs were pooled and subjected to the following analyses. The responses of CSNA and RNA as well as MAP during the LCX occlusion were evaluated by the analysis of variance (ANOVA) for randomized block design, and the time trend was tested statistically (SNEDECOR and COCHRAN, 1971; WALLENSTEIN et al., 1980 Vol.32, No.3, 1982 respectively, at the end of occlusion. The responses of CSNA, RNA, and MAP with time during LCX occlusion were again statistically significant by the ANOVA. The decreases in CSNA and RNA from 20 to 60 sec of occlusion were statistically significant, RNA decreasing significantly more than CSNA. These results indicated that 1) both CSNA and RNA showed a significant decrease below the control level and 2) the decreases in RNA were greater than those in CSNA during LCX occlusion after carotid sinus denervation also.
After cervical vagotomy Figure 5 shows the typical responses of CSNA, RNA, and AP resulting from 
DISCUSSION
The new findings in this study are 1) that the responses of the simultaneously recorded cardiac and renal sympathetic nerve activities showed similar time trends and 2) that these responses were markedly different in a quantitative manner during a 1-min occlusion of the circumflex coronary artery in the dog under three of the four different tested conditions, i.e., with intact afferent nerves , after carotid sinus denervation and after cervical vagotomy.
The similar time courses of responses in CSNA and RNA can be interpreted as follows. The well-known normal responses to hypotension are reflex increases in CSNA and RNA mediated by arterial baroreceptors (KEzDI and GELLER , 1968; NINOMIYA et al., 1971) , thereby counteracting hypotension. However , the biphasic pattern that we observed in the dog with intact afferent nerves consists of the initial increases followed by the significant decreases in CSNA and RNA in spite of the progressive fall in arterial pressure. These decreases in CSNA and RNA subsequent to the initial increases cannot be accounted for by the baroreflex, but instead can be regarded as the result of a reflex inhibition by certain other mechanisms. The change of the CSNA and RNA response patterns by carotid sinus denervation seems to have been caused by the elimination of reflex responses mediated through the carotid sinus nerves. The almost negligible excitatory responses of CSNA and RNA observed after carotid sinus denervation suggest that the excitatory influences other than the carotid sinus reflex were very small. The point where the once-increased CSNA and RNA returned to the control levels in the dogs with intact afferent nerves (Fig. 2) can therefore be regarded as a time of balance at which the excitatory response primarily mediated by the carotid sinus nerves and some inhibitory responses were equal in degree. The almost-equal durations, from the onset of occlusion to the time of balance, of CSNA and RNA seem to indicate that the inhibitory responses started at about the same time (20-30 sec of occlusion). These results and interpretations indicate that the time courses of the inhibitory influence on CSNA and RNA were about the same during coronary occlusion.
The complete disappearance of the inhibitory responses of CSNA and RNA after the cervical vagotomy with (Fig. 6 ) or without the carotid sinus baroreflex (Fig. 8) indicates that the reflex inhibition of CSNA and RNA was abolished by the vagotomy per se. In the present study the bilateral aortic nerves were also cut along with the vagi on cervical vagotomy. Thus the changes in CSNA and RNA after cervical vagotomy should be regarded as the responses observed with afferent input from neither vagi nor aortic nerves. Because the reflex response, mediated by the aortic nerves alone, to the fall in arterial pressure under coronary occlusion is known to increase both CSNA and RNA, the observed reflex inhibition of CSNA and RNA can be concluded as being mediated through the afferent vagal nerves. This conclusion is consistent with the previous contentions (COSTANTIN, 1963; THOREN, 1973 THOREN, , 1976 THAMES and ABBOUD, 1979) that the vagal afferents originating in the heart play a dominant role in the occurrence of inhibitory sympathetic reflex responses during coronary occlusion.
From the three different patterns of the sympathetic responses of either CSNA or RNA (Figs. 2, 4, 6 ), we can analyze the time course of interaction of the vagally mediated inhibitory response and the arterial baroreceptor-mediated excitatory response. Summation of the reflex responses in CSNA and RNA after carotid sinus denervation (Fig. 4) and the responses after cervical vagotomy (Fig. 6 ) reasonably simulates the biphasic pattern (Fig. 2 ) of CSNA and RNA in the dog with intact afferent nerves. This demonstrates the possibility that the initial baroreceptor-mediated increases in CSNA and RNA are subsequently inhibited by vagal afferents from cardiac receptors, and that the relative interaction of the responses induced by these afferents can result in the characteristic biphasic pattern of CSNA and RNA. The above interpretation is possible because we analyzed the magnitudes and the time courses of the CSNA and the RNA responses measured simultaneously. Previous investigations have only showed the relative responses of the two above afferent nerves on either the 90-sec average (as opposed Vol.32, No.3, to our consecutive 10-sec average) change of CSNA or the maximum response of RNA during a brief coronary occlusion (FELDER and THAMES, 1979 ; THAMES and ABBOUD, 1979) , and therefore the results thereof cannot offer such an interpretation as mentioned above. We demonstrated for the first time the quantitative differences in the magnitudes of the response between CSNA and RNA throughout the coronary occlusion, in the present study. The differences are such that not only the early excitatory responses but also the subsequent decreases were significantly greater in RNA than in CSNA. In spite of the presence of the greater excitatory influence on RNA, RNA decreased significantly more than CSNA during the last 30 sec of occlusion in the dog with intact afferent nerves. The greater inhibitory response of RNA observed in the carotid sinus-denervated dog was completely abolished by additional vagotomy. These results indicate the existence of the greater inhibitory influence on RNA than on CSNA of the vagal afferents from cardiac receptors. After the time of balance of the excitatory and inhibitory responses mentioned above, RNA decreased below the control level because the inhibitory effects exceeded the excitatory ones, while CSNA remained near the control level due to the equal magnitude of the inhibitory and excitatory effects in the dog with intact afferent nerves.
The excitatory responses of CSNA and RNA observed in the four tested conditions are considered to be induced by arterial baroreceptors and probably by sympathetic afferents from cardiac receptors (MALLIANI et al., 1969; WEAVER et al., 1981) . The excitatory responses of CSNA and RNA to the circumflex coronary occlusion in a dog after sinoaortic deafferentation can be regarded as those mediated by activation of sympathetic afferents. The almost negligible increases in CSNA and RNA that we observed in the dog after carotid sinus and vagoaortic denervation (Fig. 8) suggest that the relative contribution of the sympathetic afferents to the excitatory responses is small. The significant attenuation of the depressor response by vagotomy that we observed indicates that the fall in arterial pressure during the circumflex coronary occlusion is partly induced by the reflex mediated by the vagal afferents. Thus, the hypotension during the coronary occlusion has two potential causes: 1) a fall in cardiac output as a result of cardiac function impaired by myocardial ischemia (cardiogenic) and 2) a reflex mediated by afferent vagal nerves (reflexogenic). The fall in arterial pressure in the dog after carotid sinus and vagoaortic denervation (Fig. 8) should be regarded as ischemia-induced cardiogenic hypotension. Therefore, the profound fall in arterial pressure observed in the dog after carotid sinus denervation (Fig. 4) indicates that the significant part of the reduction of arterial pressure is induced by the vagally mediated reflex. This profound fall in arterial pressure in the dog after carotid sinus denervation can result from. the possible renal vasodilatation and the decreased myocardial contractility due to the remarkable decrease in CSNA and RNA mediated by the afferent vagal nerves.
The progressive and profound fall in arterial pressure observed in the dog with intact afferent nerves can be partly accounted for by renal vasodilatation from decreases in RNA after the time of balance during the circumflex occlusion. Failure of renal vasoconstriction (MAxIMov and BRODY, 1976) and rather, renal vasodilatation (HANLEY et al., 1972; FALICOV et al., 1975) have been observed in previous studies. The RNA decreased below the control level in the dog with intact afferent nerves as seen in the present study is compatible with the failure of renal vasoconstriction or the renal vasodilatation. The failures of vasoconstriction under myocardial ischemia have been shown also in the carotid and the mesenteric vascular beds (MAxIMov and BRODY, 1976 ) and the vascular beds in the hind limb (ToUBES and BRODY, 1970) . The renal vasodilatation due to the decreased level of RNA, and failures of vasoconstriction in the other vascular beds may have resulted in the progressive fall in arterial pressure observed in the dog with intact afferent nerves. Such a progressive reduction in arterial pressure during coronary artery occlusion can decrease the afterload to the ischemic heart.
On the other hand, augmentation of contractility of the ischemic heart may not have occurred in the dog with intact afferent nerves, because of the almost unchanged cardiac sympathetic nerve activity after the time of balance during coronary occlusion. Although both the unchanged contractility and the decreased afterload are induced by the different sympathetic reflex responses, the latter may have resulted in a reduced level of myocardial oxygen consumption, thereby preventing the progressive deterioration of the ischemic heart. Furthermore, the decrease in pump performance resulting from myocardial ischemia may have been compensated for by increased ventricular emptying due to the decreased cardiac afterload.
To summarize, we conclude that the reflex responses in cardiac and renal sympathetic nerve activities during the coronary occlusion are quantitatively different, and that the renal nerve activity is inhibited significantly more than the cardiac sympathetic nerve activity by the reflex mediated through the afferent vagal nerves.
